Five-body resonances of ^C using the complex scaling method 
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We study the resonance spectroscopy of the proton-rich nucleus *C in the a+p+p+p+p chister 
model. Many-body resonances are treated on the correct boundary condition as the Ganiow states 
using the complex scaling method. We obtain the ground state of *C as a five-body resonance for 
the first time, which has dominantly the sub-closed (P3/2)* configuration and agrees with the recent 
experiment for energy and decay width. We predict the second 0"'" state with the excitation energy 
of 5.6 MeV, which corresponds to the 2p2h state from the ground state. We evaluate the occupation 
numbers of four valence-protons in the ^C states and also the J^ distribution of proton-pair numbers 
of the two 0"*" states of *C. The ground state involves a large amount of the 2'^ proton-pair fraction, 
while the excited Oj state almost consists of two of the 0"'" proton pairs, which can be understood 
from the (p3/2)^(pi/2)^ configuration. We also discuss the mirror symmetry between *C and *He 
with an Q-f four nucleon picture. It is found that the 0"*" states retain the mirror symmetry well for 
the configuration properties of two nuclei. 

PACS numbers: 21.60.Gx, 21.10.Pc, 21.10.Dr, 27.20. -|-n 
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I. INTRODUCTION 

Radioactive beam experiments have provided us with 
much information on unstable nuclei far from the stabil- 
ity. In particular, the light nuclei near the drip-line ex- 
hibit new phenomena of nuclear structures, such as the 
neutron halo structure found in ^He, ^^Li and ^^Be [l|. 
The unstable nuclei can often be unbound states beyond 
the particle thresholds due to the weak binding nature. 
The resonance spectroscopy of unbound states beyond 
the drip-line has been developed experimentally. In ad- 
dition to the energies and decay widths, the configuration 
information is important to understand the structures of 
the resonances. In proton-rich and neutron-rich nuclei, 
the configurations of extra nuclcons provide with the use- 
ful information to know the correlations between the ex- 
tra nucleons in resonances as well as in weakly bound 
states. It is interesting to compare the structures of res- 
onances and weakly bound states between proton-rich 
and neutron-rich sides. This comparison is related to 
the mirror symmetry in unstable nuclei having a large 
isospin. 

Recently, the new experiments on *C have been re- 
ported 0,3 in addition to the old observations j^-Q- The 
®C nucleus is known as an unbound system beyond the 
proton drip-line and its ground state is naively consid- 
ered to be the 0+ resonance. The ground state of *C 
is observed at 2 McV above the ^Be-|-2p threshold en- 
ergy and is close to the ^B-|-p threshold Q, and excited 
states have not yet been observed. The ®C states can 
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decay not only to a two-body ^B-t-p channel, but also 
to many-body channels of ^BeH-2p, ^Li+3p and ^He-f 4p. 
This multi-particle decay condition makes difficulty to 
identify the states of ^C experimentally. 

The mirror nucleus of *C is ®He with isospin T = 2, 
which has the bound ground state. Recently, many ex- 
periments on ^He have been reported [7H13|. Its ground 
state is considered to have a neutron skin structure con- 
sisting of four valence neutrons around "^He with the small 
binding energy of 3.1 MeV. For the excited states of ^He, 
most of them can be located above the ^He-|-47i thresh- 
old energy [101 ■ This fact indicates that the observed 
resonances of ^Hc can decay into the channels of ^He+n, 
^IIe-|-2n, ^He-I-Sn and ^IIe-|~4n. These multi-particle de- 
cays of ^Hc are related to the Borromean nature of ^He, 
which breaks up easily into '*IIe+2n, and make it diffi- 
cult to settle the excited states of ®IIe. There still remain 
contradictions in the observed energy levels of ^He. 

From the view point of the ""'lle-f-four protons or four 
neutrons" system, the information of ^C and ®He is im- 
portant to understand the structures on and outside the 
drip-lines as a five-body picture. It is also interesting to 
examine the effect of Coulomb interaction and the mir- 
ror symmetry in two nuclei. Structures of resonances and 
weakly bound states generally depend on the existence of 
the open channels as the thresholds of the particle emis- 
sions. In this sense, the mirror symmetry in unstable nu- 
clei can be related to the coupling behavior to the open 
channels. In the previous analyses of ^B and ^He with 
the ^He-f A^ -I- TV -I- A'' model [lj|, we discussed the mir- 
ror symmetry in two nuclei. It is found that breaking of 
the mirror symmetry is occurred in their ground states 
with respect to the amount of the mixing of 2+ states 
of A = 6 subsystems, while their excited states retain 
the symmetry well. This result concerns with the rel- 
ative energy positions between the A=l states and the 



"A=6"+N thresholds. Similarly, it is interesting for *C 
and ^He to compare the effects of the couplings to the 
open channels in the resonances of two nuclei. The con- 
figuration properties of the extra four nucleons in ^C and 
^He are also interesting from the viewpoint of the corre- 
lations of extra nucleons. 

On the theoretical side, to treat the unbound states 
explicitly, several methods have been developed, such as 
the microscopic cluster model [I^, [Ia|, the continuum 
shell model 17 1 and the Gamow shell model [1^ [l^ . It 
is, however, difficult to satisfy the multi-particle decay 
conditions correctly for all open channels. For ^C, it is 
necessary to describe the ^He-f4p five-body resonances 
in the theory. So far, no theory describes the ®C nu- 
cleus as five-body resonances. In addition, it is impor- 
tant to reproduce the threshold energies of subsystems 
for particle decays, namely, the positions of open chan- 
nels. Emphasizing these theoretical conditions, in this 
study, we employ the cluster orbital shell model (COSM) 
[11 llfl-il of the '^Re+Ap five-body system. In COSM, 
the effects of all open channels are taken into account 
explicitlv[22l| so that we can treat the many-body decay- 
ing phenomena. In our previous works of neutron-rich 
svstems |22| - [24j . we have successfully described the He 
isotopes with the ^He-|-4n model up to the five-body res- 
onances of ^He including the full couplings with ^'^'^He. 
We have described many-body resonances using the com- 
plex scaling method (CSM) |25l-l27| under the correct 
boundary conditions for all decay channels. In CSM, 
the resonant wave functions are directly obtained by di- 
agonalization of the complex-scaled Hamiltonian using 
the L^ basis functions. Results for light nuclei using 
CSM have been obtained successfully for energies, decay 
widths, spectroscopic factors and also for the bre akup 
strengths induced by the Coulomb excitations [2^ 29|. 
monopolc transition |24l| and one-neutron removal 23| . 
Recently, CSM has been developed to apply to the nu- 
clear reaction methods such as the scattering aniplitude 
calculation [30[, Lippmann-Schwinger eauationjSll |32| 
and the continuum-discretized coupled-channel (CDCC) 
method jSSj. 

In this study, we proceed with our study of reso- 
nance spectroscopy of the proton- rich nucleus ^C with 
the ^IIe-|-4p five-body cluster model. This study is the 
extension of the previous one of ^B with the ^He+Sp 
model [lj|. We concentrate on the 0+ states of ^C and 
discuss the structure differences between the ground and 
the excited states. It is interesting to examine how our 
model describes *C as five-body resonances. We predict 
the resonances of ^C and investigate their binding prop- 
erties. To extract the information of the extra protons, 
we calculate the J'^ distribution of the pair numbers of 
the four valence protons in the ^C states. This quan- 
tity is useful for understanding the coupling behavior of 
four protons as a proton-pair inside ^C. For mirror nu- 
cleus ^He, we have performed the similar analysis 24 , in 
which the large mixing of the 2+ neutron pair is con- 
firmed for the ground state. From the viewpoint of the 



mirror symmetry, we compare the structures of ^C with 
those of ^He and discuss the similarity and the difference 
in two nuclei. 

In Sec. ini we explain the complex-scaled COSM wave 
function. In Sec. IIIIl we discuss the structures and the 
configurations of four valence protons in the ground and 
the excited states of *C. A Summary is given in Sec. IIVI 



II. COMPLEX-SCALED COSM 

A. COSM for the ^He+iVvP systems 

We use COSM of the '^Re+N^p systems, where A^v is 
a valence proton number around ^He, namely, N^ = 4 
for ^C. The Hamiltonian form is the same as that used 
inRefs. [lllll,!!!; 
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where tj and Tq are the kinetic energies of each particle 
{p and ^He) and of the center of mass of the total system, 
respectively The operator pi is the relative momentum 
between p and ^He. The reduced mass /i is 4m/5 using a 
nucleon mass m. The *He-p interaction V^^ is given by 
the microscopic KKNN potential [23, |3J| for the nuclear 
part, in which the tensor correlation of ^He is renormal- 
ized on the basis of the resonating group method in the 
^He-I-A^ scattering. For the Coulomb part, we use the 
folded Coulomb potential using the density of *He having 
the (Os)"* configuration. We use the Minnesota potential 
[3a | as the nuclear part of V^^ in addition to the Coulomb 
interaction. These interactions reproduce the low-energy 
scattering of the "^He-A^ and the N-N systems, respec- 
tively. 

For the wave function, ^He is treated as a (Os)^ con- 
figuration of a harmonic oscillator wave function, whose 
length parameter is 1.4 fm to fit the charge radius of ""^He 
as 1.68 fm. The motion of valence protons around ''^He 
is solved variationally using the few-body technique. We 
expand the relative wave functions of the '^Hc+N^p sys- 
tem using the COSM basis states H^-Hl. In COSM, the 
total wave function ^■^ with spin J is represented by the 
superposition of the configuration ^jf as 
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where the vacuum |0) is given by the ^He ground state. 
The creation operator aj, is for the single particle state 




V^a, "0, 




"He+p 



*He+2p 





*He+3p 



^He+4p 



FIG. 1: Sets of the spatial coordinates in COSM for the 
*He+A'"vP system. 



of a valence proton above ^He with the quantum num- 
ber a = {n,(.,j} in a jj coupling scheme. Here, the 
index n represents the different radial component. The 
index c represents the set of a^ as c = {ai, • • • , aAr^}. 
We take a summation over the available configurations 
in Eq. (|3]), which gives a total spin J. The expansion 
coefficients {C/} in Eq. ((3)) are determined variationally 
with respect to the total wave function Vl''^ by the di- 
agonalization of the Hamiltonian matrix elements. The 
relation ^^ (C'/) = 1 is satisfied due to the normaliza- 
tion of the total wave function. 

The coordinate representation of the single particle 
state corresponding to a]^ is given as V'q('") as function 
of the relative coordinate r between the center of mass 
of ^He and a valence proton [20[, as shown in Fig. [TJ We 
employ a sufRcient number of radial bases of ipa{r) to de- 
scribe the spatial extension of valence protons in the res- 
onances, in which V'q(^) a-re normalized. In this model, 
the radial part of ipai^) is expanded with the Gaussian 
basis functions for each orbit as 
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4>%{r,h'i^) = AA/e-(^/''«)^/^[y,(f),x?/2]„ (6) 

(V'alV'a') = 5a,a'- (7) 

The index k is for the Gaussian basis with the length pa- 
rameter 6^ ■ . Normalization factor of the basis and a basis 
number are given by J\f and N(j , respectively. The coef- 
ficients {df^^ in Eq. ([S|) are determined using the Gram- 
Schmidt orthonormalization, and hence the basis states 



tpa are orthogonal to each other as shown in Eq. ([7]) . The 
numbers of the radial bases of ^a are at most N^j , and are 
determined to converge the physical solutions. The same 
method using Gaussian bases as a single particle basis 
is employed in the tensor-optimized shell modeljSa. |37|. 
The antisymmctrization between a valence proton and 
"'He is treated on the orthogonality condition model |27| . 
in which the single particle state ipa is imposed to be or- 
thogonal to the Os state occupied by ^He. The length pa- 
rameters 6^ ■ are chosen in geometric progression |23l . |27| . 
We use at most 17 Gaussian basis functions by setting 
h\, from 0.2 fm to around 40 fm with the geometric ratio 
of 1.4 as a typical one. Due to the expansion of the ra- 
dial wave function using a finite number of basis states, 
all the energy eigenvalues are discretized for bound, res- 
onant and continuum states. To obtain the Hamiltonian 
matrix elements of multi-proton system in the COSM 
configurations, we employ the j-scheme technique of the 
shell model calculation in terms of ipa as the basis states. 

In COSM, the asymptotic boundary condition of the 
wave functions for proton emissions is correctly described 
[11 [13, 113. For ^C, all the channels of ^C, '^B-Kp, 
^Be-|-2p, ^Li-|-3p and "'He-|-4p are automatically included 
in the total wave function vj/-^ in Eq. ([3]). These chan- 
nels are coupled to each other by the interactions and 
the antisymmctrization, and those couplings depend on 
the relative distances between ^He and a valence proton 
and between the valence protons. 

Wc explain the parameters of the model space of 
COSM and the Hamiltonian which are determined in the 
previous analyses of He isotope [23, l23j . For the single- 
particle states, we take the angular momenta € < 2 to 
keep the accuracy of the converged energy within 0.3 
MeV of ^He with the ^He-|-n-|-n model in comparison 
with the full space calculation [231. I'^ this model, we ad- 
just the two-neutron separation energy of ^He(0+) to the 
experiment of 0.975 MeV by taking the 173.7 McV of 
the repulsive strength of the Minnesota potential instead 
of the original value of 200 MeV. The adjustment of the 
NN interaction is originated from the pairing correlation 
between valence protons with higher angular momenta 
(. > 2 [23. Hence, the present model reproduces the ob- 
served energies of ^He and is applied to the proton-rich 
nuclei in this analysis. 



B. Complex scaling method (CSM) 

Wc explain CSM, which describes resonances and non- 
resonant continuum states [25l - l27| . Hereafter, we refer 
to the nonresonant continuum states as the continuum 
states simply. In CSM, we transform the relative co- 
ordinates of the "'Hc+iVvP system, as r.i -^ Vi e** for 
i = 1, • • • ,-/Vv, where 6* is a scaling angle. The Hamil- 
tonian in Eq. ^ is transformed into the complex-scaled 
Hamiltonian Hg^ and the corresponding complex-scaled 
Schrodinger equation is given as 



(8) 



The eigenstates ^g are obtained by solving the eigen- 
value problem of Hg in Eq. ([8]). In CSM, we obtain all 
the energy eigenvalues E of bound and unbound states 
on a complex energy plane, governed by the ABC theo- 
rem [39[- In this theorem, it is proved that the bound- 
ary condition of resonances is transformed to one of the 
damping behavior at the asymptotic region. This proof 
is mathematically a general one for the many-body sys- 
tem including a long range interaction. The transformed 
boundary condition for the resonances makes it possi- 
ble to use the same method to obtain the bound states 
and resonances. This property of CSM is worthy to ob- 
tain the wave functions of the resonances directly as the 
Gamow states, in particular, for many-body case. For 
a finite value of 9, every Ricmann branch cut starting 
from the different thresholds is commonly rotated down 
by 26. Hence, the continuum states such as '^B+p and 
^Be+2p channels in ^C are obtained on the branch cuts 
rotated by the —26 from the corresponding thresholds 
[2a [23| . In contrast, bound states and resonances are 
obtainable independently of 6. We can identify the res- 
onance poles with complex eigenvalues: E = E^ ~ ir/2, 
where E^ and F are the resonance energies and the decay 
widths, respectively. In the wave function, the 6 depen- 
dence is included in the expansion coefficients in Eq. ^ 
as {C^(6')}. The coefficients C'l{6) can be a complex 
number in general for a finite angle 6. The angle 6 is 
determined to search for the stationarypoint of each res- 
onance in a complex energy plane [25|-l27|. 

The resonant state generally has a divergent behavior 
at asymptotic distances, and then its norm is defined 
by a singular integral using, for example, the conver- 
gent factor methodd^, EO, Eli. In CSM, on the other 
hand, resonances are precisely described as eigenstates 
expanded in terms of the L^ basis functions. The am- 
plitudes of the resonances are finite and normalized as 
^^ {C'l{6)) = 1. The Hermitian product is not ap- 
plied due to the bi-orthogonal relation [2^, |2a, S^l ■ The 
matrix elements of resonances are calculated using the 
amplitudes obtained in CSM and are independent of the 
angle 6 [H. 

In this study, we discretize the continuum states in 
terms of the basis expansion, as shown in the figures of 
energy eigenvalue distributions in Refs. [2j, [23,l2g. The 
reliability of the continuum discretization in CSM has 
already been shown using the continuum level density [43| 
and the phase shift analvsis[30,]. 
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FIG. 2: Energy levels of ^Li, "^Be, '^B and *C measured from 
the *He energy. Units are in MeV. Black and gray lines are 
theory and experiments, respectively. Small numbers are de- 
cay widths. 



vious analvsis|14|. we discussed the structures of ^Bc and 
^B in detail, such as the spatial properties of extra pro- 
tons, the configurations and the mirror symmetry. It was 
found that the ^Be structures arc similar to those of a 
mirror nucleus ^He. For ^B, only the ground states of ^B 
and ^He breaks the mirror symmetry, while the excited 
states of two nuclei retain the symmetry [IJ]. 

In this analysis, we discuss the structures of the 0"*- 
states of ®C. The energy eigenvalues are listed in Table 
|T] measured from the *He-|-4p threshold. We obtain two 
resonances of ®C(0-'-), both of which are five-body reso- 
nances as shown in Fig. [2j The energy of the '^C ground 
state is obtained as i?r=3.32 MeV and agrees with the 
recent experiment of Er = 3.449(30) MeV[3]. The de- 
cay width is 0.072 MeV, which is small and good but 
slightly smaller than the experimental value of 0.130(50) 
MeV. There is no experimental evidence for the excited 
states of ®C so far, and further experimental data are 
anticipated. 

We discuss the configuration properties of two reso- 
nances of ®C in detail. For the ground state, in Table 
Hn we list the main configurations with their complex 
squared amplitudes (C^)^ in Eq. ([3|. In general, the 
squared amplitude of a resonant state can be a complex 
number, while the total of the complex squared ampli- 
tudes is normalized as unity. The interpretation of the 
complex number in the physical quantity of resonances 



III. RESULTS 

A. Energy spectra of ^Li, "^Be, ^B and **C 

We show the systematic behavior of level structures of 
^Li, ^Be, "^B and ^C in Fig. H There is no bound states 
in those nuclei. It is found that the present calculations 
agree with the observed energy levels. We furthermore 
predict many resonances for ^Be, ^B and ^C. In the pre- 



TABLE I: Energy eigenvalues of the *C (0^) resonances mea- 
sured from the *He-|-4p threshold. The values with parenthe- 
ses are the experimental ones[3]. 



or 

0+ 



Energy [MeV] 



Width [MeV] 



3.32 [3.449(30)] 
8.88 



0.072 [0.130(50)] 
6.64 



TABLE II: Dominant parts of the complex squared ampli- TABLE IV: Dominant parts of the complex squared ampli- 
tudes (C/)^ of the Oj states of *C and '^He. 



tudes (C/)^ of the ground states of *C and 


«He. 


Configuration 


«C(0+) 


«He(0+) 


(P3/2)* 


0.878 - i0.005 


0.860 


(P3/2)^(Pl/2)^ 


0.057 + JO.OOl 


0.069 


(P3/2)'(lSl/2)' 


0.010 + iO.003 


0.006 


(P3/2)'(d3/2)' 


0.007 + iO.OOO 


0.008 


(P3/2)^(d5/2)^ 


0.037 + iO.OOO 


0.042 


Other 2p2h 


0.008 + iO.OOO 


0.011 



TABLE III: Radial properties of the ground states of C and 
*He in units of fm, in comparison with the experiments of 
«He; a[i2, bH, c[4|, d[il. 





«C 


8He 


**He(exp.) 


Rm 


2.80 + i0.17 


2.52 


2.49(4)^, 2.53(8)'', 2.49(4)'^ 


Rp 


3.13 + i0.20 


1.80 




Rn 


1.96 + i0.08 


2.72 




Rch 


3.25 + i0.21 


1.92 


1.929(26)'* 


rc-AN 


2.36 - iO.25 


2.05 





is still an open problem |4ij. In the results of ^C, the am- 
plitudes of the dominant configurations are almost real 
values. In that case, it is reasonable to discuss the phys- 
ical meaning of the dominant real part of the amplitudes 
of the resonances in the same way that we discuss the 
bound state. When we consider all the available con- 
figurations, the summations conserve unity due to the 
normalization of the states. 

From Table |lTl in the ^C ground state, the (P3/2)* 
configuration dominates the total wave function with a 
squared amplitude of 0.88 for real part. The 2p2h ex- 
citations from the lowest P3/2 orbit are mixed totally 
by about 0.12. In the 2p2h components, the P112 and 
'^5/2 orbits are rather contributing to the ground state. 
These results mean that the jj coupling scheme and the 
P3/2 sub-closed nature are well established in the ground 
state of ^C. To see the mirror symmetry, the results of 
the ^He ground state described in the ^He-|-4n model|24| 
are shown in Table |TT1 In the ®He ground state, extra 
four neutrons dominantly occupy the P3/2 orbit with a 
squared amplitude of 0.86 and the 2p2h components are 
mixed by about 0.14. From those values of the squared 
amplitudes, it is concluded that the trend of the configu- 
ration mixing in the ground states of ®C and ®He is quite 
similar, which indicates the good mirror symmetry be- 
tween two states. It is also noticed that among the 2p2h 
components, the only (^3/2)^(1^1/2)^ configuration of ®C 
increases slightly from that of ^He. This is considered 
to be so-called the Thomas-Erhman shift caused by the 
Coulomb repulsion. 

The radial properties of ®C are interesting to discuss 
the effect of the Coulomb repulsion in comparison with 



Configuration 


«C(0+) 


»He(0+) 


(^3/2)" 


0.044 + i0.007 


0.020 - i0.009 


(P3/2)^(Pl/2)^ 


0.934 - i0.012 


0.969 -iO.OU 


(p3/2)'(lSl/2)' 


-0.001 + iO.OOO 


-0.010 - iO.OOl 


(P3/2)^(d3/2)^ 


0.020 + i0.003 


0.018 + i0.022 


(^3/2)^(^5/2)^ 


0.002 + iO.OOl 


0.002 + iO.OOO 
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FIG. 3: Energy levels of He isotopes measured from the *IIe 
energy. Units are in MeV. Black and gray lines are theory and 
experiments, respectively. Small numbers are decay widths. 
For ^He(l/2~), the reference experimental data is taken from 
Ref. [4g] with gray dotted line. For *He, the experimental 
data are taken from Ref. [ll|, and only the 0"^ states are 
shown in theory. 



^He having a neutron skin structure, although the radius 
of ®C can be complex numbers because of the resonance. 
The results of *C are shown in Table Hill for matter (i?m), 
proton [Rp), neutron(i?„) charge (i?ch) parts, and the 
relative distances between the ^He core and the center of 
mass of four valence nucleons {tc-an)- It is found that the 
values in ®C are almost real, so that the real parts can be 
considered to represent the radial properties of ^C. The 
matter radius of *C is larger than that of ^He by about 
11% for a real part. The relative distance between the 
^He core and 4p in ^C is wider than the one between the 
■^He core and 4n in ^He by about 15%. The enhancement 
of the radius of ^C from ^He comes from the Coulomb 
repulsion between five constituents of '^He+p+p+p+p in 
^C. The Coulomb repulsion makes the energy of **C shift 
up to become a resonance in comparison with ^He, and 
it also increases the relative distances between each con- 
stituent from the neutron skin state of ^He. 

We discuss the excited Oj state of ®C, which is located 
at the excitation energy of 5.6 MeV. The dominant con- 
figurations of four valence protons are listed in Tabic IIVI 
In this state, the (^3/2)^(^1/2)^ configuration dominates 
the total wave function with a large squared amplitude of 
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TABLE V: Complex occupation numbers of valence protons 



FIG. 4: Excitation energy spectra of mirror nuclei of A — 
5, 6, 7 and 8 in the units of MeV. 



0.93 for a real part, while (^3/2)"' is given as 0.04. Hence, 
the Oj state of ^C corresponds to the 2p2h excited state 
of the ground state and can be described mostly in terms 
of the single configuration rather than the ground state. 
This 2p2h configuration property is commonly seen in the 
^He(Oj) [2J] as shown in Table HVl The coupling proper- 
ties of four valence protons in ^C are discussed from the 
viewpoint of the proton pair numbers later. 

It is interesting to discuss the mirror symmetry be- 
tween ^C and ®He consisting of ^He and four valence 
protons or neutrons. To do this, we show the energy 
spectra of He isotopes with COSM in Fig. |31 using the 
Hamiltonian in Eq. ^ without the Coulomb term. For 
^He(l/2~), the experimental energy is not fixed, so we 
include the recent data [4Q| with dotted line as a refer- 
ence in the figure. From the figure, it is found that the 
COSM results agree with the observed energy levels well 
for He isotopes. From Figs. [2] and [3l it is found that the 
orders of energy levels are the same between proton-rich 
and neutron-rich sides. In the proton-rich side, the whole 
spectra are shifted up due to the Coulomb repulsion, in 
comparison with those of the neutron-rich side. The dis- 
placement energies are 2.4 MeV for ^Be from ^He, 3.9 
MeV for ^B from ^He, and 6.5 MeV for ^C from «He, re- 
spectively. In Fig. 21 we compare the excitation energy 
spectra of proton-rich and neutron-rich sides. It is found 
that the good symmetry is confirmed between the cor- 
responding nuclei. The differences of excitation energies 
for individual levels are less than 1 MeV. 



B. Occupation and pair numbers in **C 

We discuss the structures of the two O"*" states of ®C 
from the view point of the configurations of valence pro- 
tons. We list the complex occupation numbers of four 
protons in each orbit for *C in Table [V] Since the states 
are Gamow states, their physical quantities become com- 
plex values with a relatively small imaginary part, while 
their summation conserves the valence proton number 



in**C. 






Orbit 


ot 


0^ 


Pl/2 


0.12-hiO.OO 


1.87-i0.02 


P3/2 


3.75 - iO.Ol 


2.09 + iO.Ol 


Sl/2 


0.03 + iO.OO 


0.00 + iO.OO 


d3/2 


0.02 + iO.OO 


OM + iOm 


d5/2 


0.08 + iO.OO 


0.01-iO.OO 



TABLE VL Complex pair numbers P{J^ , S) of valence pro- 
tons in *C up to J'" =3". 



r 


5" 


0^ 


0^ 


0+ 





0.69-f iO.OO 


0.98 + iO.OO 


0+ 


1 


0.37-f iO.OO 


0.96 + iO.OO 


0" 





0.00 + iO.OO 


0.00 + iO.OO 


0- 


1 


0.00 + iO.OO 


0.01 + JO.OO 


1+ 





0.01 + iO.OO 


0.15-f iO.OO 


1+ 


1 


0.08 -1- iO.OO 


1.24 - i0.02 


1" 





0.02 + iO.OO 


0.00 + iO.OO 


1" 


1 


0.02 + iO.OO 


0.02 + iO.OO 


2+ 





1.54 + iO.OO 


0.86-FzO.OO 


2+ 


1 


3.06-iO.Ol 


1.72-l-iO.OO 


2" 





0.02 + iO.OO 


0.00 + iO.OO 


2" 


1 


0.07 + iO.Ol 


0.01 + iO.OO 


3+ 





0.00 + iO.OO 


0.00 + iO.OO 


3+ 


1 


0.00 + iO.OO 


0.00 + iO.OO 


3" 





0.04 -1- iO.OO 


0.02 + iO.OO 


3- 


1 


0.09 + iO.OO 


0.02-hiO.OO 



being four as a real value in each state. In the '^C ground 
state, the P3/2 orbit is dominant and its real part of 
the complex occupation number of 3.75 is close to four, 
which is consistent with the dominant configuration of 
(P3/2)"' as shown in Table HIl In the Oj state, the P3/2 
and pi/2 orbits share two protons individually because 
the (^3/2)^(^1/2)^ configuration dominates this state as 
shown in Table ITVl In two 0+ states, the interaction act- 
ing between valence protons emerges the small mixing of 
the other orbits such as the sd shell components. 

We calculate the complex pair number P{J^ ,S) of four 
valence protons in *C, which is defined by the matrix 
element of the operator as 



a</3 



,(a/?)A7-,s(«/3)). (9) 



Here the quantum numbers a and (3 are for the single 
particle state, and Aj„ g {Aj^rg) is the creation (annihi- 
lation) operator of a proton pair with the coupled angular 
momentum and parity J'^ and the coupled intrinsic spin 
S. The complex pair numbers are useful to understand 
the structures of four protons from the viewpoint of pair 



coupling. The summation of the complex pair numbers 
over all J'^ and S is equal to six, which is a real value, 
from the total pair number consisting of four protons as 



Y.p{j\s) ^ 



6. 



(10) 



j^,s 



In Table I VII we list the results of the complex pair 
numbers up to the 3~ component for two 0"*' states of 
^C. It is found that the values are almost real and their 
imaginary part is very small and hence we focus on the 
discussion of the results of real parts. In Fig. [51 we show 
the real part of the complex pair numbers and compare 
them between two O"*" state of ^C. In the ground state, it 
is found that the 2"*" proton pair is dominant with the real 
part of the number as about 4.6 taking the summation 
of 5 = and 1 , and the 0^ proton pair number is about 
1.1 for a real part. These results are consistent with the 
main configuration of (P3/2)'* from the CFP decompo- 
sition with the numbers of 1 and 5 for the 0+ and 2+ 
pairs, respectively. The decompositions into the S ~ Q 
and S = \ components can also be naively understood 
from the (p3/2)j=o 2 configuration using the LS coupling 
transformation. These results show that the shell struc- 
ture of the P3/2 protons is well established in the ®C 
ground state from the pair numbers. When one of the 
proton pair with J'^ = O"*" or 2+ state is coupled with *He, 
this system can be the main components of ^Be(0^) and 
^Be(2f ), respectively [ij]. Recent experiment [2|,y| shows 
that the decay of the ^C ground state can go through 
the ^Be(0^)-|-2p channel while the final states are the 
five-body ^He-|-4p system. When they reconstruct the 
^Be(Of ) component among the five-body final states, the 
probability of the ^Be(Of )+2p decay channel is estimated 
as 0.92(5), which is consistent to the present value of the 
0"*" pair number summed by the spin S shown in Table 

m 

In the 0^ state of ®C, this state has about 2.0 of the 0+ 
proton pair number for a real part in addition to the large 
2"*" pair number as about 2.6. This is consistent with the 
(P3/2)^(Pi/2)^ configuration, which can be decomposed 
into the pairs of 0+, 1+ and 2+ with the numbers of 2, 
1.5 and 2.5, respectively. Similarly to the ground state 
case, the decompositions into the 5 = 0,1 components 
in the one proton-pair are naively understood from the 
(^3/2)^ and (pi/2)^ configurations. 

To discuss the mirror symmetry of ®C, we show the 
neutron pair numbers of four valence neutrons in ^He in 
Fig. [51 those of which dominantly have the real parts. 
From the results, it is found the distributions are quite 
similar between ^C and ®He for the ground and excited 
O"*" states. Similar to the case of ^C, the importance of 
the 2^ neutron pair in ®He is confirmed. This result was 
suggested in the experiment [47[, and is also obtained 
in the ^YLe-\-n+n three-body analysis [15[. On the other 
hand, the J state has almost two of the O"*" neutron pair 
number in addition to the large 2"*" pair number. This is 
consistent with the (^3/2)^(^1/2)^ configuration, as shown 




FIG. 5: Real parts of the complex pair numbers of valence 
protons P{J^,S) in the C(0^, Oj) states decomposed into 
the 5 = (shaded) and S = 1 components (blank). 




0" 0" 1 



J''(2n) 



FIG. 6: Real parts of the complex pair numbers of valence 
neutrons P{J^ , S) in the *He(0^, 02^) states decomposed into 
the 5 = (shaded) and 5 = 1 components (blank). 



in Table HVl In summary, the structures of C are similar 
to those of *He for the properties of the pair numbers of 
valence nucleons above ^He. This result indicates that 
the mirror symmetry is well retained in two nuclei for 
the 0+ states. 



IV. SUMMARY 

We have investigated the resonance structures of ®C 
with the '^B.e+p + p + p + p five-body cluster model. The 
boundary condition for many-body resonances is accu- 
rately treated using the complex scaling method. The de- 
cay thresholds concerned with subsystems are described 
consistently. We have found two 0"^ resonances of *C, 
which are five-body resonances and are dominantly de- 
scribed by the p-shell configurations. For the ground 
state, the energy and the decay width agree with the 
recent new experiments. We also predict the excited 0^ 
resonance of ^C, which we hope to see confirmed exper- 
imentally. It is found that the present cluster model de- 



scribes well the systematic energy spectra of proton-rich 
nuclei from ^Li to ^C, in addition to the mirror nuclei of 
the neutron-rich He isotopes from ^He to ®He. 

For ^C, we furthermore investigate the structures of 
four valence protons around the ^He core and compare 
them with those of neutrons in ^He, a mirror nucleus. 
The ground state of *C is dominated by the (P3/2)"' con- 
figuration of four protons with the squared amplitude of 
about 0.88 and the Oj state is (^3/2)^(^1/2)^ with about 
0.93, corresponding to the 2p2h configuration from the 
ground state. We also decompose the four protons into 
two proton-pairs and discuss the coupling behavior of 
the two proton-pairs. It is found that the 2"*" proton pair 
contributes largely in the ®C ground state which is un- 
derstood from the (^3/2)^ configuration. On the other 
hand, the *C(0^) state has about two of the 0+ proton 
pairs which mainly comes from the (^3/2)^(^1/2)^ config- 



uration. The structure of *C is compared with ^He and 
it is found that both the ground and excited 0^ states of 
two nuclei retain the mirror symmetry well. 
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